Recently, thermoresponsive synthetic polymers, which have shown a reversible phase separation in an aqueous solution, have attracted much attention and their applications are presented in various material scenes. [1] [2] [3] [4] [5] [6] A variety of investigations on thermoresponsive materials have been presented, especially, in the fields of microencapsulation, biosensors and drug delivery. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Owing to the interest in such utilities we have also initiated studies on thermoresponsive organic-inorganic hybrids based on polysilsesquioxane (PSQ). The combination of PSQ with functional polymers is expected to present useful and practical hybrid materials that maintain the essential characteristics of the inorganic polysiloxane structure, such as improved mechanical strength, weatherability and heat durability. [18] [19] [20] [21] In fact, the modifications of PSQ or oligo-silsesquioxanes by grafting polymeric components have been reported by several groups. [22] [23] [24] [25] [26] Our previous efforts, in which a polymer of N-isopropylacrylamide (NIPAM) was chosen and introduced as the graft chain into PSQ backbone, focused on thermoresponsive properties and were also examples of modified hybrids. [27] [28] In the graftings from PSQ, one of the findings in the grafting of poly(NIPAM) was that at least 20 monomer units of NIPAM in a graft chain were necessary to maintain a good solubility in water. Consequently, the copolymerization of NIPAM with N,N-dimethylacrylamide was required when a small number of NIPAM monomer units in one graft chain were grafted. Consequently, copolymerization of NIPAM with N,N-dimethylacrylamide was required when a small number of NIPAM monomer units in one graft chain were grafted. This leads us to conclude that a more hydrophilic polymeric component is favorable for the efficient synthesis of thermoresponsive PSQ derivatives, which show reversible hydrophobic aggregation at the lowest critical solution temperature (LCST).
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The typical structures that cause thermoresponsive property usually contain hydrophilic amide or ethylenedioxy groups with hydrophobic alkyl groups; [29] [30] [31] [32] [33] therefore, we designed readily obtainable functional groups that were formed by the simple addition reaction of 2-alkoxyethylamines to the isocyanato group. The functional group, which consisted of 2-alkoxyethylamino groups and a urea bond, was introduced into PSQ as a substituent. The thermoresponsive properties of PSQ were examined in a previous report. 34 On the basis of its properties, to expand applicability of the functional groups for providing the thermoresponsive property, methacrylate polymer was chosen as a versatile polymeric component in this report.
The starting monomer (MEMMA) was obtained by the reaction of commercially available 2-isocynatoethyl methacrylate (ICMA) with (2-methoxyethyl)methylamine (MEMAm). The photoiniferter technique was applied to the syntheses of thermoresponsive PSQs through graft polymerization of MEMMA, in which the PSQ with a dimethyldithiocarbamate group (DTPSQ) was used. 27, 35 In addition, copolymerizations of MEMMA with 2-hydroxyethyl methacrylate (HEMA) were conducted to introduce hydroxyl groups in the polymeric components. Such additional functional groups may be useful when optical and medical uses of the resulting materials are considered. [36] [37] [38] The thermoresponsive behaviors of grafted PSQ derivatives were evaluated by turbidity in an aqueous solution, which was depicted as a change in optical transmittance (%T).
EXPERIMENTAL PROCEDURE Materials and characterization 1 H NMR and 13 C NMR spectra were obtained using a JEOL AL-300 and JNM A-500 spectrometer (JEOL, Tokyo, Japan) in CDCl 3 or DMF-d 7 . IR spectra were recorded on a JASCP FT/IR 230 (JASCO, Tokyo, Japan). Gel permeation chromatographic (GPC) analysis was carried out to estimate the number-average molecular weight (M n ) and the polydispersity index (M w /M n ) on a Shimadzu LC-10VP chromatograph (Shimadzu, Kyoto, Japan) equipped with an evaporative light-scattering detector. Three columns, such as Shim-pack GPC-80MD, À804D and À802D (Shimadzu), were connected in series and N, N-dimethylformamide (DMF) was used as an eluent. Calibration was based on poly(methyl methacrylate) standards. The DMF that was used for reactions was refluxed over calcium hydride and distilled. Tetrahydrofuran (THF) was refluxed over sodium metal before use. HEMA was distilled before use. Other reagents, including MEMAm and ICMA, were used as supplied from commercial sources. DTPSQ was prepared according to the procedure reported previously. 27 The estimated values of M n and M w /M n from GPC measurements were 5300 and 1.23, respectively. The dimethyldithiocarbamate group content in DTPSQ was 3.05 mmol eq g -1 . The measurement of transmittance (%T) for thermoresponsive behavior in an aqueous solution was carried out in the same manner as described previously. 34 Synthesis of the methacrylate monomer MEMAm (1.26 g, 14. Typical procedure for grafting of the methacrylate polymer from DTPSQ A solution of DTPSQ (0.05 g, 0.14 mmol eq of the dithiocarbamate group) and MEMMA (0.40 g, 1.45 mmol) in DMF (1.5 ml) was introduced into a glass tube. The solution was purged of air by means of three vacuum-argon cycles. Then, the mixture in the glass tube was irradiated at 18 1C using a RIKO RH400 UV lamp (RIKO, Taipei, Taiwan), equipped with a water jacket, from a distance of 10 cm for 20 h in an argon atmosphere. The resulting solution was evaporated under reduced pressure, as a concentration step, and the residue was poured into diethyl ether. Insoluble wax was collected and dissolved in acetone. The solution was poured into an excess amount of diethyl ether to precipitate the product. After drying at room temperature for 24 h under reduced pressure (o5 mm Hg), the grafted product (GrMEM1, 0.41 g, 94% by weight, 
The amounts of the N,N-dimethyldithiocarbamate group and the monomer units in GrMEM1 were calculated from the peak areas observed in the 1 H NMR spectrum, in which hexamethyldisiloxane was used as an internal standard. The signals due to the dimethyldithiocarbamate group could not be detected clearly, so its content was estimated from the signals of the phenyl group instead.
Analogously, grafted PSQs were prepared under the conditions listed in Table 1 
RESULTS AND DISCUSSION
Polymerization of the methacrylate polymer In a previous report, several alkoxyethylamide groups, introduced as the substituent of the PSQ backbone, were shown to be effective for providing amphiphilic and thermoresponsive properties. 34 Analogously, in preliminary experiments, several methacrylate monomers with alkoxyethylamide groups were prepared. For example, the monomers that had a bis(2-methoxyethyl)amide group yielded the corresponding thermoresponsive polymer. The obtained polymer displayed hydrophobic aggregation at 20 1C in an aqueous solution. A polymer that aggregated near human body temperature (36 1C) is preferable for an accurate measurement of thermoresponsive behavior and in consideration of medical usages. Consequently, MEMAm, which proved to be more hydrophilic in the previous study, 34 was chosen here. The additional reaction of MEMAm to the isocyanato group in ICMA was conducted at ambient temperature to afford the methacrylate monomer, MEMMA, in 96% yield. Spectral data and elemental analysis supported the formation of the desired monomer. The graft polymerizations of MEMMA from DTPSQ, which contained the analogous structure to benzyl diethyldithiocarbamate, were carried out by way of the photoiniferter technique under UV irradiation, using a 400 W high-pressure mercury lamp at 18 1C in DMF solution. Products were isolated as an insoluble solid from diethyl ether. The results of polymerizations are listed in Table 1 . In cases in which 10 and 20 eq of MEMMA were added to the initiator specie, the grafted PSQs, GrMEM1 and GrMEM2, were obtained in 94 and 90% by weight yield, respectively (Table 1, Run 1 and 2) . The numberaveraged molecular weights estimated by GPC were 48800 for GrMEM1 and 74600 for GrMEM2. The increase in experimental M n s reflected the feed molar ratios and was reasonable in comparison with those by 1 H NMR spectral data. In a similar manner, the grafting of the copolymer of MEMMA and HEMA resulted in the corresponding grafted product, GrMEMHE, in 75% yield based on the weights of substrates (Table 1 , Run 3). However, a subset of the initiator groups on DTPSQ seemed to be ineffective for the graftings. In the preliminary experiment, polymerization was conducted with benzyl diethyldithiocarbamate (BDTC) as an initiator under analogous conditions. From the polymerization, in which the feed molar ratio of MEMMA to BDTC was adjusted to 30, methacrylate polymer was obtained in 68% yield and the M n estimated by GPC was 12 300. The calculated M n from the peak areas of benzene protons owing to BDTC and the monomer unit in 1 H NMR spectrum was 12 600. The values were in good agreement; however, they were larger than the theoretical M n of 7600, which was estimated from the feed molar ratio of the monomer to BDTC. Consequently, results may indicate that BDTC insufficiently contributes to photoiniferter polymerization. The GPC chromatograms of the grafted PSQs showed a unimodal peak. The GPC chromatograms of DTPSQ and GrMEM1 are shown in Figure 1 .
The introduction of polymeric components was supported by spectral data. In the 1 H NMR spectrum of GrMEMs, the signal assigned to the protons of the methylene group that bonded to the nitrogen of the dimethyldithiocarbamate group was scarcely detected. Consequently, the peak area of the benzene ring, observed around 7 p.p.m., was used for the calculation of the content of the initiator species. The content of the methacrylate monomer unit could be estimated by the areas of the signal due to methylene protons bonded to the ester group or that, owing to methyl protons bonded to nitrogen, which appeared at 3.95 p.p.m. and 2.90 p.p.m., respectively. In the case of the copolymer obtained from MEMMA and HEMA, the signal of methylene protons that bonded to the ester group in the HEMA unit was observed at 3.78 p.p.m., as shown in Figure 2 . The peak areas of these could be used for the calculation of the contents of monomer units. The 13 C NMR spectra also demonstrated the presence of monomer units. The signal due to the carbonyl carbon of the ester group was observed at 177.17 p.p.m. and the signal at 158.81 p.p.m. was assigned to the carbonyl carbon of the urea bond. Furthermore, in the IR spectra of polymers, the strong absorbance at approximately 1720 cm À1 demonstrated the presence of the carbonyl group of the ester bond. Absorbance due to the carbonyl group of the urea bond was observed at 1636 cm À1 . Thus, graft polymerization of the methacrylate monomers from DTPSQ could be performed using the photoiniferter technique. The synthetic route mentioned above was shown in Scheme 1. However, the depicted structure of the polysiloxane unit may be different from the actual form. In the IR spectrum of DTPSQ, a weak absorption due to the hydroxyl group was observed. 27 In our previous investigation on the formation of PSQ with phenyl groups under similar basic conditions, the 29 Si NMR spectrum showed the signals assigned to both the T 2 and T 3 structures. 39 Therefore, the structure of the polysiloxane main chain of DTPSQ was thought to consist of incomplete ladder and cage structures, but not to be randomly cross-linked.
Thermoresponsive behavior of the methacrylate polymer
The thermoresponsive phase separations of the obtained methacrylate polymers were evaluated by turbidity, which was indicated as %T at 800 nm. The thermoresponsive behaviors of grafted PSQs are shown in Figure 3 . Even in the case of GrMEM1, which introduced approximately 10 monomer units in a graft chain, the hydrophobic aggregation could be observed clearly. In the behavior of GrMEM1, an LCST of 32 1C was recorded. The effects of molecular weight of the graft chain appeared in the case of GrMEM2, which was designed to 28 In the case of the PSQ containing the analogous low-molecular-weight alkoxyethylamide group, the change required the temperature range of ca. 4 1C. 34 Such a good response seems to be brought about by an appropriate balance of hydrophilic and hydrophobic properties of the methacrylate graft polymer.
In the preliminary experiment, the methacrylate polymer, the molar ratio of which to the initiator was adjusted to be 30, was prepared by BDTC under conditioning similar to those mentioned above. In the case of the methacrylate polymer, the hydrophobic aggregation started at 45.5 1C and completed at ca. 47.5 1C under heating. In the aggregation of another polymer, which was prepared by free radical photopolymerization in the presence of a catalytic amount of N, N¢-azobisisobutyronitrile and showed a larger M n such as 21 600 with a dispersity of 2.34, the aggregation occurred at a slightly lower temperature of 43 1C. The grafted PSQs showed lower LCSTs compared with those of the methacrylate polymers. Such data suggested that the presence of the PSQ main chain containing benzyl groups contributed to the creation of a hydrophobic environment.
CONCLUSIONS
The methacrylate monomer with the N-(2-methoxyethyl)methylamino group and the urea bond, MEMMA, was found to afford a new thermoresponsive polymer. The monomer was used for graft polymerization from PSQ to provide thermoresponsive property. Results demonstrated that effective graft polymerizations proceeded without the formation of a cross-linked product and the methacrylate polymers containing different numbers of monomer units were successfully introduced onto the PSQ backbone. Such grafted derivatives of PSQ possessed the expected amphiphilic and thermoresponsive property. The use of the methacrylate polymer as the graft chain to prepare a multifunctional PSQ hybrid is still under investigation now and will be presented in the near future, in which the information mentioned above should be helpful.
